Background--Epidemiological evidence on the association between long-term exposure to ambient fine particulate matter (with an aerodynamic diameter ≤2.5 lm; PM 2.5 ) and hypertension is mixed. We investigated the long-term association between ambient fine particles and hypertension in reproductive-age adults.
However, these studies were often conducted in one city or just a few cities, where air pollution was several times higher than in cities with less air pollution. As a result, previous study estimates may not be sufficient to contribute to policy making and standards setting at the national level.
The aim of the present study was to explore the association of long-term exposures to ambient PM 2.5 with hypertension and BP among reproductive-age adults in China, from April 22, 2010 through December 31, 2015, using large nationwide survey data.
Methods

Study Population
The National Free Preconception Health Examination Project is an ongoing program run by the Ministry of Finance and National Health and Family Planning Commission of China, initiating in 2010 across 2790 counties of 31 provinces in China. The aim is to provide free health examinations before conception, risk assessments, and counselling services for reproductive couples who intended to be pregnant for the next 6 months. Overall, 39 348 119 reproductive-age (20-49 years) participants participated in this program between 2010 and 2015 and were eligible for this study when excluding individuals with missing data that were used to estimate air pollution exposure or used in the concentrationresponse relationship analysis. Detailed project-related design, organization, and implementation have been previously described. [17] [18] [19] [20] The research proposal was approved by the ethics committee of National Research Institute for Health and Family Planning. All participants provided written informed consent. Because of the data use agreement with the National Health and Family Planning Commission of China, the data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure.
Outcome Assessment
Hypertension diagnosis was defined as systolic BP ≥140 mm Hg, diastolic BP ≥90 mm Hg, or self-reported antihypertensive medication use in the past 2 weeks before the health examinations. The study subjects' BP measurement was taken 3 times on the right arm of the seated participating adults by trained medical personnel using an electronic sphygmomanometers, and the mean value of the 3 measurements was applied as the BP for this study.
Exposure Assessment
Hybrid geophysical-statistical method, with data from satellites, ground-based observations, and models, was used to predict annual average concentration of ambient PM 2.5 at 0.01°90.01°spatial resolution for each participant residing in China between 2007 and 2015. The methods for PM 2.5 exposure estimates have been validated in previous studies and are documented in detail elsewhere. [21] [22] [23] The community locations were geocoded using Gaode Map (http://www.ama p.com). We then spatially matched the annual PM 2.5 concentration estimates to each participant in the corresponding communities. Average 3-year ambient PM 2.5 concentrations preceding the health examinations in the National Free Preconception Health Examination Project for each participant were used as the estimated surrogate of exposure.
Potential Confounders and Effect Modifiers
We collected variables of potential confounders and effect modification. Demographic, socioeconomic, and lifestyle characteristics were considered in the analyses, such as sex, age, race, smoking status, calendar year, body mass index (BMI), alcohol consumption, educational level, urbanity, region, and physician-diagnosed diabetes mellitus. We used the variable selection method, 10% variation in the main effect estimate criterion, to select potential confounding factors.
5,14
We evaluated effect modifiers through sex, obesity (BMI ≥24 kg/m 2 ), smoking status, age, diabetes mellitus, urbanity, race, and region through stratified analyses, and we assessed statistical significance as follows:
Clinical Perspective
What Is New?
• This is the largest epidemiological study that found that long-term exposure to ambient fine particulate matter (with an aerodynamic diameter ≤2.5 lm) was associated with higher hypertension prevalence and elevated blood pressure in Chinese reproductive-age (20-49 years) populations.
• The current findings show that the exposure-response relationship between particulate matter with an aerodynamic diameter ≤2.5 lm and hypertension was nonlinear and indicated a threshold effect.
What Are the Clinical Implications?
• Our findings contribute to improve the knowledge on the long-term effect of ambient particulate matter with an aerodynamic diameter ≤2.5 lm on hypertension and blood pressure for Chinese reproductive-age populations.
• Long-term exposures to particulate matter with an aerodynamic diameter ≤2.5 lm above certain levels might increase population risk for hypertension and might be responsible for China's avoidable hypertension burden in reproductive-age adults.
whereQ 1 andQ 2 were the effect estimates for each stratum, andŜE 1 andŜE 2 were the SEs. 12 
Statistical Analyses
Two-level logistic regression modeling approaches were applied to test the relationship between hypertension risk and the predicted 3-year average PM 2.5 exposure measures in reproductive-age (20-49 years) adults, where individuals were regarded as the first-level unit and the communities were regarded as the second-level unit. 8 Linear mixed models were used to study associations of 3-year exposures to PM 2.5 and BP. We modeled exposure in quintiles to assess for potential nonlinearity of exposure-response relationships. Natural cubic splines were used for PM 2.5 to check whether the exposure-response relationships were linear or nonlinear. The df was selected by assessing the model fitting on the basis of the Akaike Information Criterion. If the relationship between PM 2.5 and hypertension was linear, the odds ratios (ORs) with corresponding 95% confidence intervals (CIs) of hypertension with a 10-lg/m 3 increment in PM 2.5 were calculated. On the contrary, if the relationship between PM 2.5 and hypertension was nonlinear, the ORs with corresponding 95% CIs of hypertension comparing the 75th and 95th percentiles of PM 2.5 versus the minimum hypertension concentration of PM 2.5 (threshold) were calculated. The ORs of hypertension associated with a 10-lg/m 3 increase in PM 2.5 above the thresholds were calculated as well. For BP, the absolute BP changes with corresponding 95% CIs were calculated to assess the effects of long-term ambient PM 2.5 exposure in reproductive-age adults across China.
To determine the threshold of the associations, we used the segment spline model to iteratively estimate the Akaike Information Criterion values of 2-level logistic regression models by 0.1-U increments in PM 2.5 . The PM 2.5 concentration corresponding to the minimum Akaike Information Criterion value was selected as the threshold (minimum hypertension concentration of ambient PM 2.5 ). 24, 25 Estimating Attributable Hypertension Risk
Attributable cases and population-attributable fraction were used to estimate the burden of hypertension attributed to long-term exposure to ambient PM 2.5 . 26 Hypertension attributable to PM 2.5 was calculated as follows:
where i is PM 2.5 level category i; the range of every PM 2.5 category is 5 lg/m 3 ; AH is hypertension attributed to PM 2.5 ; p 0 is the hypertension prevalence among individuals exposed to PM 2.5 pollution level at threshold concentration; OR i is the OR of hypertension associated with ambient PM 2.5 at the median concentration of category i against threshold; and N i is population exposure to PM 2.5 category i. Population-attributable fraction of hypertension because of PM 2.5 was calculated as follows:
Populationattributablefraction ¼ Attributable cases/Overall cases:
Results
The descriptive statistics of the 39 348 119 participants are presented in Table 1 . Our analysis population contained reproductive-age adults with a mean age of 27.7 years (SD, 5.0 years) and a balanced sex distribution (49.6% women versus 50.4% men). Among the analysis population, 23.7% had a BMI >24 kg/m 2 . Of all 1 594 080 hypertensive participants, the self-reported physician-diagnosed hypertension accounted for 60 037 (0.2%), and 1 534 043 (3.9%) were hypertensive by this survey. Mean exposure concentration of ambient PM 2.5 pollutants in the past 36 months was 47.0 lg/m 3 (SD, 17.0 lg/m 3 ). Figure 1 shows the location of the 327 study cities and 36-month PM 2.5 exposure level for 39 348 119 participants. The relationships between ambient PM 2.5 and hypertension were generally U shaped, as depicted in Figures 2 and 3 , which indicated a threshold effect (namely, a minimum hypertension concentration of PM 2.5 ). Thus, we calculate the ORs with corresponding 95% CIs of hypertension comparing the 75th and 95th percentiles versus the threshold concentration of PM 2.5 in all following analyses.
The concentration-response relationships between ambient PM 2.5 and hypertension were nonlinear (Figures 2 and 3 (Table 3 and Figure 3 ). Table 4 showed the hypertension burden attributed to longterm ambient PM 2.5 exposure. Among all the study participants, the population-attributable risk because of PM 2.5 The associations of hypertension to long-term ambient PM 2.5 exposure did not substantially alter in the sensitivity analyses by using 1-to 5-year average PM 2.5 concentrations (Table 5 ).
Discussion
Our study results showed that long-term exposure to ambient PM 2.5 above thresholds (concentration of the PM 2.5 pollutant corresponding to minimum hypertension) was linked to higher hypertension risk and elevated BP among reproductive-age (21-49 years) adults by using large-scale research population and location information to improve estimates of 3-year average PM 2.5 exposure. Comparing with the threshold, we demonstrated that %2.3% of the hypertension cases were attributed to exceeding ambient PM 2.5 exposures in the research population.
The effect of PM 2.5 to hypertension estimated in our study was lower than the effects estimated in some other studies. We estimated an OR of 1 1.07) per 10-lg/m 3 increase of PM 2.5 , which was of comparable magnitude with our study. 14 However, nonsignificant associations were reported in several studies. A study of 33 771 black women of the BWHS (Black Women's Health Study) observed a nonsignificant association, with an HR of 0.99 (95% CI, 0.93-1.06). 7 Nonsignificant effects were also observed in studies from Germany 2 and Taipei. 5 The smaller effects of PM 2.5 in our study than in Europe and North America might be attributable to the distinct characteristics of China. First, as shown in our exposure-response curves, there were threshold effects of long-term ambient PM 2.5 exposure to hypertension. Second, our study population has a younger age structure, making it less sensitive to long-term exposure to ambient PM 2.5 . Third, the composition of particulate matter in China has high content of crustal materials because of transported dust caused by desert and arid loess-land and locally induced dust because of the lower vegetation coverage and intensive urban construction. 28 Crustal components or Long-term exposure to ambient PM 2.5 was positively associated with higher systolic and diastolic BP in this study. The results of previous studies have been mixed. A study in Chinese adults, aged ≥50 years, reported that ambient PM 2.5 was linked to an increment of both systolic and diastolic BP. 12 Two other epidemiological studies have also observed significant associations between ambient PM 2.5 exposure and BP.
6,10 A cross-sectional study of residents >65 years in
Taiwan reported an increased diastolic BP was related to 1-year exposures to PM 2.5 , whereas they did not find a significant increase for systolic BP. 5 However, a crosssectional study conducted in China of residents aged ≥35 years indicated a significant association between PM 2.5 and systolic BP, but there was a null association with diastolic BP. 13 Similar results have been reported in the Sister Study. 4 These mixed results may be related to the variation in sources or composition of particulate matter and to the different study populations (ethnicity, age structure, and lifestyle). 3 Most previous studies assumed a linear association between air pollutant concentrations and hypertension that was limited in revealing the real exposure-response relationship. This assumption may be because of the much lower concentrations of PM 2.5 pollutants in European countries and the United States than in China. Therefore, the nonlinear association at high concentrations of PM 2.5 was not observed in most prior studies. 4, 7, 9, [14] [15] [16] However, our study demonstrated the threshold effects (PM 2.5 concentration corresponding to minimum hypertension) of PM 2.5 on hypertension. Accordingly, any previous study estimated the hypertension burden that assuming a linear association may result in an excessively high hypertension burden estimate attributed to ambient PM 2.5 , which had certain public health significance. The hypertension burden attributable to PM 2.5 was assessed in these analyses. Most of prior articles have mainly quantified the relation between PM 2.5 and hypertension using relative risks or ORs, which provided information in the cause of the associations. Compared with the metrics of the association, the attributable cases and population-attributable fraction might provide additional information in developing air pollution standards and planning potential interventions. 12 A recent study of 12 665 Chinese adults >50 years of age of the SAGE-China (Study on Global Ageing and Adult HealthChina) conducted in China reported that 11.75% (95% CI, 5.82%-18.53%) of the hypertension cases could be attributable to ambient PM 2.5 . 12 Our estimated hypertension burden attributable to PM 2.5 pollutant was lower than those in the SAGE-China study, 12 partly because our study populations were younger. To our best knowledge, this is the largest epidemiological study to date to investigate the relation between long-term PM 2.5 pollutant exposure and hypertension prevalence, with %1.6 million hypertension cases in the study population of 39 million individuals. Another strength of our study is that we evaluated the concentration-response curve between PM 2.5 and hypertension; no studies have previously evaluated the concentration-response relationship for hypertension. This study has several limitations. First, similar to previous cross-sectional studies, we could not establish a causal relationship between PM 2.5 and hypertension. Second, as in most previous studies, exposure measurement errors were inevitable because we applied a 3-year mean satellite-based estimate of ambient PM 2.5 levels as the alternative for true population exposures. Measurement error in exposure might lead to random errors that could dilute real associations between PM 2.5 and hypertension, because this kind of nondifferential error may attenuate the association between PM 2.5 and hypertension. 30 In conclusion, we found average 3-year exposures to ambient PM 2.5 were associated with hypertension and increased BP among residents aged 20 to 49 years in the National Free Preconception Health Examination Project living throughout 2790 counties of 31 provinces across China, with threshold effects. Our study added to the existing epidemiological evidence with regard to the long-term effects of PM 2.5 on hypertension that the improvement in air quality has the potential to lower the burden of hypertension in China. These suggestive findings might be of benefit to the public and to policymakers in planning public health interventions and attaining environmental standards and guidelines. Hypertension is the leading preventable risk factor for cardiovascular disease, with a high prevalence, so even a small change should be a key public health priority. 
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